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1
SULFIDE SOLID ELECTROLYTE MATERIAL

TECHNICAL FIELD

The present invention relates to a sulfide solid electrolyte
material with less hydrogen sulfide generation amount.

BACKGROUND ART

In accordance with a rapid spread of information relevant
apparatuses and communication apparatuses such as a per-
sonal computer, a video camera and a portable telephone in
recent years, the development of a battery to be utilized as a
power source thereof has been emphasized. The development
of a high-output and high-capacity battery for an electric
automobile or a hybrid automobile has been advanced also in
the automobile industry. A lithium battery has been presently
noticed from the viewpoint of a high energy density among
various kinds of batteries.

Liquid electrolyte containing a flammable organic solvent
is used for a presently commercialized lithium battery, so that
the installation of a safety device for restraining temperature
rise during a short circuit and the improvement in technical
structure and material for preventing the short circuit are
necessary therefor.

On the contrary, a lithium battery all-solidified by replac-
ing the liquid electrolyte with a solid electrolyte layer is
conceived to intend the simplification of the safety device and
be excellent in production cost and productivity for the reason
that the flammable organic solvent is not used in the battery.
In addition, a sulfide solid electrolyte material has been
known as a solid electrolyte material used for such a solid
electrolyte layer.

The sulfide solid electrolyte material is so high in Li ion
conductivity as to be useful for intending higher output of a
battery, and various kinds of research have been convention-
ally made. For example, in Patent Literature 1, a glassy sulfide
solid electrolyte material, such that the main component is
composed of Li,S—X (X is SiS,, GeS,, P,S5 and B,S;), and
aproducing method for a sulfide solid electrolyte material by
melt extraction are disclosed. In addition, in Examples of
Patent Literature 1, a 0.6Li,S-0.4SiS,-based sulfide solid
electrolyte material and 0.61.1,5-0.4GeS,-based sulfide solid
electrolyte material produced by melt extraction are dis-
closed. Also, in Patent Literature 2, an Li,S—SiS,-based
glassy sulfide solid electrolyte material such that Li,S syn-
thesized on the specific conditions is used as a raw material is
disclosed. In addition, in Examples of Patent Literature 2, a
60L1,S-40SiS,-based sulfide solid electrolyte material and a
63L1,5-36SiS,-11i;PO,-based sulfide solid electrolyte
material produced by melt extraction are disclosed.

On the other hand, in Patent Literature 3, a sulfide-based
crystallized glass such that a glassy phase having Li,S and
P,S; as the main component and a crystal phase exist is
disclosed. Also, in Patent Literature 4, an Li,S—P,S5-based
crystallized glass having a specific diffraction peak by X-ray
diffraction is disclosed.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent Application Publica-
tion No. H06-279050

Patent Literature 2: Japanese Patent No. 3510420

Patent Literature 3: Japanese Patent Application Publica-
tion No. 2002-109955

20

25

30

35

40

45

55

60

2

Patent Literature 4: Japanese Patent Application Publica-
tion No. 2005-228570

SUMMARY OF INVENTION
Technical Problem

The problem is that a conventional sulfide solid electrolyte
material generates much hydrogen sulfide in the case of con-
tacting with water (including moisture, and so forth). The
present invention has been made in view of the above-men-
tioned problems, and the main object thereof is to provide a
sulfide solid electrolyte material with less hydrogen sulfide
generation amount.

Solution to Problem

To solve the above-mentioned problem, the present inven-
tion provides a sulfide solid electrolyte material using a raw
material composition containing [.i,S and sulfide of an ele-
ment of the group 14 or the group 15 in the periodic table;
containing substantially no cross-linking sulfur and Li,S.

The present invention allows a sulfide solid electrolyte
material with less hydrogen sulfide generation amount for the
reason that the sulfide solid electrolyte material contain sub-
stantially no cross-linking sulfur and Li,S.

In the above-mentioned invention, the above-mentioned
sulfide solid electrolyte material is preferably sulfide glass.
The reason therefor is that it is conceived that sulfide glass
may absorb expansion and contraction of an active material to
be excellent in cycle characteristics in the case of producing,
for example, a solid state battery by reason of being soft as
compared with crystallized sulfide glass.

Inthe above-mentioned invention, preferably, a peak of the
cross-linking sulfur is not detected by Raman spectroscopy
measurement, and a peak of the Li,S is not detected by X-ray
diffraction measurement.

Inthe above-mentioned invention, the element of the group
14 or the group 15 is preferably P, Si or Ge. The reason
therefor is to obtain a sulfide solid electrolyte material with
lower hydrogen sulfide generation amount.

In the above-mentioned invention, preferably, the raw
material composition contains only [i,S and P,Ss, and a
molar fraction of the Li,S contained in the raw material
composition is within a range of 70% to 85%. The reason
therefor is that hydrogen sulfide generation amount may be
lowered more by determining the range of a molar fraction of
the Li,S at the range including a value (75%) for obtaining an
ortho-composition and the vicinity thereof.

In the above-mentioned invention, preferably, the raw
material composition contains only Li,S and SiS, or only
Li,S and GeS,, and a molar fraction of the Li,S contained in
the raw material composition is within a range of 50% to 80%.
The reason therefor is that hydrogen sulfide generation
amount may be lowered more by determining the range of a
molar fraction of the Li,S at a value (66.7%) for obtaining an
ortho-composition and the vicinity thereof.

Furthermore, the present invention provides a sulfide solid
electrolyte material obtained by amorphizing a raw material
composition containing only Li,S and P,S; characterized in
that a molar fraction of the Li,S in the raw material compo-
sition is within a range of 70% to 85%.

The present invention allows a sulfide solid electrolyte
material with less hydrogen sulfide generation amount for the
reason that a molar fraction of Li,S in a raw material compo-
sition is in a predetermined range.
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Furthermore, the present invention provides a lithium bat-
tery comprising a cathode active material layer containing a
cathode active material, an anode active material layer con-
taining an anode active material, and an electrolyte layer
formed between the cathode active material layer and the
anode active material layer; characterized in that at least one
of'the cathode active material layer, the anode active material
layer and the electrolyte layer contains the sulfide solid elec-
trolyte material.

According to the present invention, the use of the above-
mentioned sulfide solid electrolyte material allows a lithium
battery with less hydrogen sulfide generation amount.

Furthermore, the present invention provides a producing
method for a sulfide solid electrolyte material comprising
steps of: preparing a raw material composition containing
Li,S and sulfide including an element of the group 14 or the
group 15 in the periodic table; and amorphizing the raw
material composition by amorphization treatment; character-
ized in that the raw material composition contains the Li,S
and the sulfide including the element of the group 14 or the
group 15 at a ratio for obtaining a sulfide solid electrolyte
material containing substantially no cross-linking sulfur and
Li,S.

The present invention allows a sulfide solid electrolyte
material with less hydrogen sulfide generation amount for the
reason that a raw material composition contains [i,S and
sulfide including an element of the group 14 or the group 15
at a predetermined ratio.

In the above-mentioned invention, preferably, the raw
material composition contains only Li,S and P,Ss, and a
molar fraction of the Li,S contained in the raw material
composition is within a range of 70% to 85%. The reason
therefor is that hydrogen sulfide generation amount may be
lowered more by determining the range of a molar fraction of
the Li,S at the range including a value (75%) for obtaining an
ortho-composition and the vicinity thereof.

In the above-mentioned invention, the amorphization treat-
ment is preferably mechanical milling. The reason therefor is
that treatment at normal temperature may be performed to
intend the simplification of production processes.

Advantageous Effects of Invention

The present invention produces the effect such as to allow
the generation of hydrogen sulfide to be restrained even in the
case where a sulfide solid electrolyte material contacts with
water.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic cross-sectional view showing an
example of a power generating element of a lithium battery of
the present invention.

FIG. 2 is an explanatory view explaining an example of a
producing method for a sulfide solid electrolyte material of
the present invention.

FIG. 3 is a result of Raman spectroscopy measurement of
the sulfide solid electrolyte materials obtained in Examples
1-1 to 1-3 and Comparative Examples 1-2, 1-3.

FIG. 4 is a result of X-ray diffraction measurement of the
sulfide solid electrolyte materials obtained in Examples 1-1,
1-2 and Comparative Examples 1-2, 1-4.

FIG. 5 is a result of hydrogen sulfide generation amount
measurement (pellet) of the sulfide solid electrolyte materials
obtained in Examples 1-1 to 1-3 and Comparative Examples
1-1to 1-4.
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FIG. 6 is a result of hydrogen sulfide generation amount
measurement (battery) of the sulfide solid electrolyte mate-
rials obtained in Example 1-2 and Comparative Example 1-5.

FIG. 7 is a result of hydrogen sulfide generation amount
measurement (pellet) of the sulfide solid electrolyte materials
obtained in Examples 2-1, 2-2 and Comparative Examples
2-1,2-2.

FIG. 8 is a result of hydrogen sulfide generation amount
measurement (pellet) of the sulfide solid electrolyte materials
obtained in Examples 3-1 to 3-3 and Comparative Examples
3-1,3-2.

FIG. 9 is a result of hydrogen sulfide generation amount
measurement (pellet) of the sulfide solid electrolyte materials
obtained in Comparative Examples 4-1 to 4-4.

DESCRIPTION OF EMBODIMENTS

A sulfide solid electrolyte material, a lithium battery and a
producing method for a sulfide solid electrolyte material of
the present invention are hereinafter described in detail.

A. Sulfide Solid Electrolyte Material

A sulfide solid electrolyte material of the present invention
is first described. A sulfide solid electrolyte material of the
present invention may be roughly divided into two embodi-
ments. A sulfide solid electrolyte material of the present
invention is hereinafter described while divided into a first
embodiment and a second embodiment.

1. First Embodiment

A first embodiment of a sulfide solid electrolyte material of
the present invention is first described. The sulfide solid elec-
trolyte material of the first embodiment uses a raw material
composition containing [.1,S and sulfide of an element of the
group 14 or the group 15 of the periodic table, and contains
substantially no cross-linking sulfur and Li,S.

The embodiment allows a sulfide solid electrolyte material
with less hydrogen sulfide generation amount for the reason
that the sulfide solid electrolyte material contain substantially
no cross-linking sulfur and Li,S. Such a sulfide solid electro-
lyte material is conceived to be high in stability toward water
and low in hydrogen sulfide generation amount by reason of
having an ortho-composition or a composition in the neigh-
borhood thereof. Here, ortho generally signifies oxo acid
which is the highest in degree of hydration among oxo acids
obtained by hydrating the same oxide. In the present inven-
tion, a crystal composition to which Li,S is added most
among sulfides is called an ortho-composition. For example,
Li,PS, corresponds to an ortho-composition in the Li,S—
P,S; system, [.i,SiS,, corresponds to an ortho-composition in
the Li,S—SiS, system, and Li,GeS,, corresponds to an ortho-
composition in the Li,S—GeS, system. For example, in the
case of an [i,S—P,S;-based sulfide solid electrolyte mate-
rial, the molar fraction of Li,S for obtaining an ortho-com-
position is 75%. On the other hand, in the case of an Li,S—
SiS,-based or Li,S—GeS,-based sulfide solid electrolyte
material, the molar fraction of Li,S for obtaining an ortho-
composition is 66.7%.

As described above, in Patent Literature 1, a 0.6Li,S-
0.4SiS,-based sulfide solid electrolyte material and a
0.6L1,8-0.4GeS ,-based sulfide solid electrolyte material pro-
duced by melt extraction are disclosed. Also, in Patent Lit-
erature 2, a 60L1,S-408iS,-based sulfide solid electrolyte
material and a 631i,S-36SiS,-1Li;P0O,-based sulfide solid
electrolyte material produced by melt extraction are dis-
closed. However, the problem is that these sulfide solid elec-
trolyte materials react easily with water to easily generate
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hydrogen sulfide by reason of containing cross-linking sulfur.
On the contrary, a sulfide solid electrolyte material of the first
embodiment may lower hydrogen sulfide generation amount
by reason of containing substantially no cross-linking sulfur.

A sulfide solid electrolyte material of the first embodiment
is characterized by “containing substantially no cross-linking
sulfur and Li,S”. Here, “cross-linking sulfur” signifies cross-
linking sulfur in a compound obtained by a reaction of Li,S
and sulfide of an element of the group 14 or the group 15. For
example, cross-linking sulfur with S;P—S—PS; obtained by
a reaction of Li,S and P,S; corresponds thereto. Such cross-
linking sulfur reacts easily with water to easily generate
hydrogen sulfide. In the present invention, too small ratio of
Li,S in a raw material composition signifies that a sulfide
solid electrolyte material contains cross-linking sulfur. In
addition, the state of “contain substantially no cross-linking
sulfur” may be confirmed by measuring Raman spectroscopy.

For example, in the case of an Li,S—P,Ss-based sulfide
solid electrolyte material, it is preferable that a peak of S;P—
S—PS; does not exist. The peak of S;P—S—PS; ordinarily
appears at 402 cm™". Thus, in the present invention, it is
preferable that this peak is not detected. A peak of PS, ordi-
narily appears at 417 cm™'. In the present invention, the
intensity I, at 402 cm™ is preferably smaller than the inten-
sity 1,,, at 417 cm™. More specifically, the intensity L, is,
for example, preferably 70% or less, more preferably 50% or
less, and far more preferably 35% or less with respect to the
intensity 1, .

On the other hand, “contain substantially no Li,S” signifies
“contain substantially no Li,S derived from a starting mate-
rial”. Li,S reacts easily with water to easily generate hydro-
gen sulfide. In the present invention, too large ratio of Li,S in
a raw material composition signifies that a sulfide solid elec-
trolyte material contains Li,S. In addition, the state of “con-
tain substantially no Li,S” may be confirmed by X-ray dif-
fraction. Specifically, in the case of not having a peak of Li,S
(26=27.0°,31.2°, 44.8° and 53.1°), the state of “‘contain sub-
stantially no [i,S” may be determined.

(1) Raw Material Composition

A raw material composition used for a sulfide solid elec-
trolyte material of the first embodiment is first described. A
raw material composition in the first embodiment contains
Li,S and sulfide of an element of the group 14 or the group 15.
A raw material composition may further contain other com-
pounds.

Li,S contained in a raw material composition preferably
has fewer impurities. The reason therefor is to allow a side
reaction to be restrained. Examples of a synthesis method for
Li,S include a method described in Japanese Patent Applica-
tion Publication No. H07-330312. In addition, Li,S is pref-
erably purified by using a method described in WO2005/
040039.

A raw material composition contains sulfide of an element
of'the group 14 or the group 15. The element of the group 14
or the group 15 is not particularly limited; examples thereof
include Si, P and Ge, and P is preferable among them. The
reason therefor is to obtain a sulfide solid electrolyte material
with low hydrogen sulfide generation amount and high Liion
conductivity. Specific examples of sulfide of an element of the
group 14 or the group 15 include P,S;, P,S,, SiS,, GeS,,
As,S; and Sb,S;. A raw material composition may contain
the above-mentioned plural sulfides.

A raw material composition may contain lithium ortho-
oxoacid of at least one kind selected from the group consist-
ing of LiPO,, Li,SiO,, Li,GeO,, Li;BO; and Li;AlO,
except for Li,S and sulfide of an element of the group 14 or
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6

the group 15. The addition of such lithium ortho-oxoacid
allows a more stable sulfide solid electrolyte material.

In the first embodiment, a raw material composition pref-
erably contains at least Li,S and P,S;, and more preferably
contains only Li,S and P,S;. The reason therefor is to obtain
a sulfide solid electrolyte material with low hydrogen sulfide
generation amount and high Li ion conductivity. In this case,
the molar fraction of Li,S contained in a raw material com-
position is not particularly limited if it is a ratio for obtaining
a sulfide solid electrolyte material containing substantially no
cross-linking sulfur and Li,S; preferably, for example, within
a range of 70% to 85%, above all, within a range of 70% to
80%, particularly, within a range of 72% to 78%. The reason
therefor is that hydrogen sulfide generation amount may be
lowered more by determining the range of a molar fraction of
the Li,S at the range including a value (75%) for obtaining an
ortho-composition and the vicinity thereof.

In the first embodiment, a raw material composition pref-
erably contains at least Li,S and SiS,, and more preferably
contains only Li,S and SiS,. Similarly, a raw material com-
position preferably contains at least Li,S and GeS,, and more
preferably contains only Li,S and GeS,. The reason therefor
is to obtain a sulfide solid electrolyte material with low hydro-
gen sulfide generation amount and high Li ion conductivity.
In these cases, the molar fraction of the Li,S contained in a
raw material composition is not particularly limited if it is a
ratio for obtaining a sulfide solid electrolyte material contain-
ing substantially no cross-linking sulfur and Li,S; preferably,
for example, within a range of 50% to 80%, above all, within
a range of 55% to 75%, and particularly, within a range of
60% to 70%. The reason therefor is that hydrogen sulfide
generation amount may be lowered more by determining the
range of a molar fraction of the Li,S at a value (66.7%) for
obtaining an ortho-composition and the vicinity thereof.

(2) Sulfide Solid Electrolyte Material

A sulfide solid electrolyte material of the first embodiment
uses a raw material composition containing Li,S and sulfide
of an element of the group 14 or the group 15. Above all, a
sulfide solid electrolyte material of the first embodiment is
preferably obtained by amorphization treatment with the use
of the above-mentioned raw material composition. The rea-
son therefor is to efficiently obtain a sulfide solid electrolyte
material containing substantially no cross-linking sulfur and
Li,S. Examples of amorphization treatment include mechani-
cal milling and melt extraction, and mechanical milling is
preferable among them. The reason therefor is that treatment
at normal temperature may be performed to intend the sim-
plification of production processes.

A sulfide solid electrolyte material of the first embodiment
may be sulfide glass or crystallized sulfide glass obtained by
heat-treating the sulfide glass ifthe material contains substan-
tially no cross-linking sulfur and Li,S. Among them, a sulfide
solid electrolyte material of the first embodiment is prefer-
ably sulfide glass. The reason therefor is that it is conceived
that sulfide glass may absorb expansion and contraction of an
active material to be excellent in cycle characteristics in the
case of producing a solid state battery by reason of being soft
as compared with crystallized sulfide glass. Sulfide glass may
be obtained by performing the above-mentioned amorphiza-
tion treatment for a raw material composition. On the other
hand, crystallized sulfide glass may be obtained, for example,
by heat-treating sulfide glass. That is to say, crystallized sul-
fide glass may be obtained by sequentially performing amor-
phization treatment and thermal treatment for a raw material
composition. Depending on the conditions of thermal treat-
ment, there are a possibility of producing cross-linking sulfur
and Li,S and a possibility of producing a metastable phase, so
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that thermal treatment temperature and thermal treatment
time are preferably adjusted so as not to produce these in the
present invention. In particular, it is preferable that crystal-
lized sulfide glass in the present invention does not have a
metastable phase.

With regard to a sulfide solid electrolyte material of the first
embodiment, hydrogen sulfide generation amount for 300
seconds from the start of measurement in a predetermined
hydrogen sulfide amount measurement test is preferably 10
cc/g or less, more preferably 5 cc/g or less, far more prefer-
ably 3 cc/g or less, and particularly preferably 1 cc/g or less.
The reason therefor is that less hydrogen sulfide generation
amount allows a sulfide solid electrolyte material with higher
safety. Here, the hydrogen sulfide amount measurement test
is the following test. A sulfide solid electrolyte material is
weighed by 100 mg in an argon atmosphere, and the sample
is pressed at a pressure of 5.1 ton/cm? by using a pelleting
machine having a molding portion with an area of 1 cm? to
form pellets. Thereafter, the obtained pellets are disposed
inside a hermetically sealed desiccator (1755 cc, air atmo-
sphere, a temperature of 25° C., and a humidity of 40) to
measure hydrogen sulfide generation amount generated for
300 seconds from the start by using a hydrogen sulfide sensor.

A sulfide solid electrolyte material of the first embodiment
is preferably high in Li ion conductivity. Li ion conductivity
at normal temperature is, for example, preferably 107> S/cm
or more, and more preferably 10~ S/cm or more. A sulfide
solid electrolyte material of the first embodiment is ordinarily
powdery and the average particle diameter thereof is within a
range of 0.1 pm to 50 um, for example. Examples of uses of
a sulfide solid electrolyte material include a lithium battery.
The above-mentioned lithium battery may be an all solid
lithium battery comprising a solid electrolyte layer or a
lithium battery comprising liquid electrolyte.

2. Second Embodiment

Next, a second embodiment of a sulfide solid electrolyte
material of the present invention is described. The sulfide
solid electrolyte material of the second embodiment is a sul-
fide solid electrolyte material obtained by amorphizing a raw
material composition containing only Li,S and P,S, charac-
terized in that the molar fraction of the Li,S in the above-
mentioned raw material composition is within a range of 70%
to 85%.

The embodiment allows a sulfide solid electrolyte material
with less hydrogen sulfide generation amount for the reason
that the molar fraction of the Li,S in a raw material compo-
sition is in a predetermined range. Such a sulfide solid elec-
trolyte material is conceived to be high in stability toward
water and low in hydrogen sulfide generation amount by
reason of having an ortho-composition or a composition in
the neighborhood thereof. The preferable range of the molar
fraction of the Li,S in a raw material composition, amor-
phization treatment for amorphizing, and other items are the
same as the contents described in the above-mentioned “1.
First embodiment™.

The present invention may also provide a sulfide solid
electrolyte material obtained by amorphizing a raw material
composition containing only [i,S and SiS,, characterized in
that the molar fraction ofthe Li,S in the above-mentioned raw
material composition is within a range of 50% to 80%. Simi-
larly, the present invention may also provide a sulfide solid
electrolyte material obtained by amorphizing a raw material
composition containing only Li,S and GeS,, characterized in
that the molar fraction of the Li,S in the above-mentioned raw
material composition is within a range of 50% to 80%. These
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sulfide solid electrolyte materials are also conceived to be low
in hydrogen sulfide generation amount for the same reason as
the above. The preferable range of the molar fraction of the
Li,S in a raw material composition, amorphization treatment
for amorphizing, and other items are the same as the contents
described in the above-mentioned “1. First embodiment”.
B. Lithium Battery

Next, a lithium battery of the present invention is
described. The lithium battery of the present invention com-
prises a cathode active material layer containing a cathode
active material, an anode active material layer containing an
anode active material, and an electrolyte layer formed
between the cathode active material layer and the anode
active material layer, characterized in that at least one of the
cathode active material layer, the anode active material layer
and the electrolyte layer contains the above-mentioned sul-
fide solid electrolyte material.

According to the present invention, the use of the above-
mentioned sulfide solid electrolyte material allows a lithium
battery with less hydrogen sulfide generation amount.

FIG. 1 is a schematic cross-sectional view showing an
example of a power generating element of a lithium battery of
the present invention. A power generating element 10 shown
in FIG. 1 comprises a cathode active material layer 1 contain-
ing a cathode active material, an anode active material layer 2
containing an anode active material, and an electrolyte layer
3 formed between the cathode active material layer 1 and the
anode active material layer 2. In addition, in the present
invention, at least one of the cathode active material layer 1,
the anode active material layer 2 and the electrolyte layer 3 is
greatly characterized by containing the above-mentioned sul-
fide solid electrolyte material.

A lithium battery of the present invention is hereinafter
described in each constitution.

1. Electrolyte Layer

An electrolyte layer in the present invention is first
described. The electrolyte layer in the present invention is a
layer formed between the cathode active material layer and
the anode active material layer. The electrolyte layer is not
particularly limited if it is a layer for allowing Li ion conduc-
tion, and is preferably a solid electrolyte layer composed of a
solid electrolyte material. The reason therefor is to obtain a
lithium battery (an all solid battery) with high safety. In
addition, in the present invention, a solid electrolyte layer
preferably contains the above-mentioned sulfide solid elec-
trolyte material. The ratio of the sulfide solid electrolyte
material contained in a solid electrolyte layer is preferably,
for example, within a range of 10% by volume to 100% by
volume, and above all, within a range of 50% by volume to
100% by volume. In particular, in the present invention, a
solid electrolyte layer is preferably composed of only the
sulfide solid electrolyte material. The reason therefor is to
obtain a lithium battery with less hydrogen sulfide generation
amount. The thickness of a solid electrolyte layer is prefer-
ably within a range of 0.1 pm to 1000 pm, for example, and
within a range of 0.1 um to 300 m, above all. Examples of a
method for forming a solid electrolyte layer include a method
for compression-molding a solid electrolyte material.

An electrolyte layer in the present invention may be a layer
composed of liquid electrolyte. The use of liquid electrolyte
allows a high-output lithium battery. In this case, ordinarily, at
least one of the cathode active material layer and the anode
active material layer contains the above-mentioned sulfide
solid electrolyte material. Liquid electrolyte ordinarily con-
tains lithium salt and organic solvent (nonaqueous solvent).
Examples of the lithium salt include inorganic lithium salts
such as LiPFg, LiBF,, LiClO, and LiAsF,, and organic
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lithium salts such as LiCF;SO;, LiN(CF;S80,),, LiN
(C,F80,), and LiC(CF,S0,),. Examples of the organic sol-
vent include ethylene carbonate (EC), propylene carbonate
(PC), dimethyl carbonate (DMC), diethyl carbonate (DEC),
ethylmethyl carbonate (EMC) and butylene carbonate.

2. Cathode Active Material Layer

Next, a cathode active material layer in the present inven-
tion is described. A cathode active material layer in the
present invention is a layer containing at least a cathode active
material, and may contain at least one of a solid electrolyte
material, a conductive material and a binder, as required. In
particular, in the present invention, a solid electrolyte material
contained in a cathode active material layer is preferably the
above-mentioned sulfide solid electrolyte material. The rea-
son therefor is to obtain a lithium battery with less hydrogen
sulfide generation amount. The ratio of a sulfide solid elec-
trolyte material contained in a cathode active material layer
varies with kinds of a lithium battery; preferably, for example,
within a range 0f 0.1% by volume to 80% by volume, above
all, within a range of 1% by volume to 60% by volume,
particularly, within a range of 10% by volume to 50% by
volume. Examples of a cathode active material include
LiCo0,, LiMnO,, Li,NiMn,0,, LiVO,, LiCrO,, LiFePO,,
LiCoPO,, LiNiO, and LiNi, 5Co, ,sMn, ;O..

A cathode active material layer in the present invention
may further contain a conductive material. The addition of the
conductive material allows conductivity of a cathode active
material layer to be improved. Examples of the conductive
material include acetylene black, Ketjen Black and carbon
fiber. A cathode active material layer may also contain a
binder. Examples of kinds of the binder include a fluorine-
containing binder. The thickness of a cathode active material
layer is preferably within a range of 0.1 pm to 1000 pm, for
example.

3. Anode Active Material Layer

Next, an anode active material layer in the present inven-
tionis described. An anode active material layer in the present
invention is a layer containing at least an anode active mate-
rial, and may contain at least one of a solid electrolyte mate-
rial, a conductive material and a binder, as required. In par-
ticular, in the present invention, a solid electrolyte material
contained in an anode active material layer is preferably the
above-mentioned sulfide solid electrolyte material. The rea-
son therefor is to obtain a lithium battery with less hydrogen
sulfide generation amount. The ratio of a sulfide solid elec-
trolyte material contained in an anode active material layer
varies with kinds of a lithium battery; preferably, for example,
within a range 0f 0.1% by volume to 80% by volume, above
all, within a range of 1% by volume to 60% by volume, and
particularly, within a range of 10% by volume to 50% by
volume. Examples of an anode active material include a metal
active material and a carbon active material. Examples of the
metal active material include In, Al, Si, and Sn. On the other
hand, examples of the carbon active material include meso-
carbon microbeads (MCMB), high orientation property
graphite (HOPG), hard carbon and soft carbon. A solid elec-
trolyte material and a conductive material used for an anode
active material layer are the same as the case of the above-
mentioned cathode active material layer. The thickness of an
anode active material layer is within a range of 0.1 to 1000
um, for example.

4. Other Constitutions

A lithium battery of the present invention comprises at
least the above-mentioned cathode active material layer, elec-
trolyte layer and anode active material layer, ordinarily fur-
ther comprises a cathode current collector for collecting the
cathode active material layer and an anode current collector
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for collecting the anode active material layer. Examples of a
material for the cathode current collector include SUS, alu-
minum, nickel, iron, titanium and carbon, preferably SUS
among them. On the other hand, examples of a material for
the anode current collector include SOS, copper, nickel and
carbon, preferably SUS among them. The thickness and
shape of the cathode current collector and the anode current
collector are preferably selected properly in accordance with
uses of a lithium battery. A battery case of a general lithium
battery may be used for a battery case used for the present
invention. Examples of the battery case include a battery case
made of SUS. In the case where a lithium battery of the
present invention is an all solid battery, a power generating
element may be formed inside an insulating ring.

5. Lithium Battery

A lithium battery of the present invention may be a primary
battery or a secondary battery, preferably a secondary battery
among them. The reason therefor is to be repeatedly charged
and discharged and be useful as a car-mounted battery, for
example. Examples of the shape of a lithium battery of the
present invention include a coin shape, a laminate shape, a
cylindrical shape and a rectangular shape.

A producing method for a lithium battery of the present
invention is not particularly limited if it is a method for
obtaining the above-mentioned lithium battery, and the same
method as a producing method for a general lithium battery
may be used. In the case where a lithium battery ofthe present
invention is an all solid battery, examples of a producing
method therefor include a method such that a material com-
posing a cathode active material layer, a material composing
a solid electrolyte layer and a material composing an anode
active material layer are sequentially pressed to thereby pro-
duce a power generating element and this power generating
element is stored inside a battery case, which is swaged. The
present invention may also provide each of a cathode active
material layer, an anode active material layer and a solid
electrolyte layer, characterized by containing the above-men-
tioned sulfide solid electrolyte material.

C. Producing Method for Sulfide Solid Electrolyte Material

Next, a producing method for a sulfide solid electrolyte
material of the present invention is described. A producing
method for a sulfide solid electrolyte material of the present
invention comprises the steps of: preparing a raw material
composition containing Li,S and sulfide including an ele-
ment of the group 14 or the group 15 in the periodic table, and
amorphizing the above-mentioned raw material composition
by amorphization treatment, characterized in that the raw
material composition contains the Li,S and the sulfide includ-
ing an element of the group 14 or the group 15 at a ratio for
allowing a sulfide solid electrolyte material containing sub-
stantially no cross-linking sulfur and Li,S.

The present invention allows a sulfide solid electrolyte
material with less hydrogen sulfide generation amount for the
reason that a raw material composition contains Li,S and
sulfide including an element of the group 14 or the group 15
at a predetermined ratio.

FIG. 2 is an explanatory view explaining an example of a
producing method for a sulfide solid electrolyte material of
the present invention. In the producing method shown in FI1G.
2, lithium sulfide (Li,S) and phosphorus pentasulfide (P,Ss)
are first prepared as a starting material. Next, these starting
materials are mixed so that the molar fraction of Li,S
becomes 75% to prepare a raw material composition (prepa-
ration step). Thereafter, the raw material composition and a
grinding ball are projected into a pot, which is hermetically
sealed. Next, this pot is mounted on a planetary ball milling
machine to amorphize the raw material composition (amor-
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phizing step). Thus, a sulfide solid electrolyte material con-
taining substantially no cross-linking sulfur and Li,S is
obtained from the raw material composition.

A producing method for a sulfide solid electrolyte material
of the present invention is hereinafter described at each step.
In the present invention, each of the after-mentioned steps is
preferably performed under an inert gas atmosphere (for
example, under an Ar gas atmosphere).

1. Preparation Step

Preparation step in the present invention is step of prepar-
ing a raw material composition containing Li,S and sulfide
including an element of the group 14 or the group 15. In
addition, a raw material composition contains Li,S and sul-
fide including an element of the group 14 or the group 15 at a
ratio for allowing a sulfide solid electrolyte material contain-
ing substantially no cross-linking sulfur and Li,S. A raw
material composition used for the present invention is the
same as the contents described in the above-mentioned “A.
Sulfide solid electrolyte material”; therefore, the description
will not be repeated here. With regard to a raw material
composition, each component is preferably dispersed uni-
formly.

2. Amorphizing Step

Amorphizing step in the present invention is step of amor-
phizing the above-mentioned raw material composition by
amorphization treatment. Thus, sulfide glass is ordinarily
obtained. Examples of amorphization treatment include
mechanical milling and melt extraction, and mechanical mill-
ing is preferable among them. The reason therefor is that
treatment at normal temperature may be performed to intend
the simplification of production processes.

The mechanical milling is not particularly limited if it is a
method for mixing a raw material composition while allow-
ing mechanical energy thereto; examples thereof include ball
mill, turbo mill, mechano-fusion and disk mill, and ball mill
is preferable among them and planetary ball mill is particu-
larly preferable. The reason therefor is to efficiently obtain a
desired sulfide solid electrolyte material.

Various kinds of the conditions of the mechanical milling
are preferably determined so as to obtain a sulfide solid elec-
trolyte material containing substantially no cross-linking sul-
furand Li,S. Forexample, in the case of synthesizing a sulfide
solid electrolyte material by planetary ball mill, a raw mate-
rial composition and a grinding ball are added into a pot and
treated at predetermined number of revolutions and time.
Generally, larger number of revolutions brings higher produc-
tion rate of a sulfide solid electrolyte material, and longer
treating time brings higher conversion ratio of a raw material
composition into a sulfide solid electrolyte material. The
number of revolutions in performing planetary ball mill is
preferably within a range of 200 rpm to 500 rpm, for example,
and within a range of 250 rpm to 400 rpm, above all. The
treating time in performing planetary ball mill is preferably
within a range of 1 hour to 100 hours, for example, and within
a range of 1 hour to 50 hours, above all.

3. Heat-Treating Step

Heat-treating step of heat-treating the sulfide glass
obtained in amorphizing step may be performed in the present
invention. Thus, crystallized sulfide glass is ordinarily
obtained. Depending on the conditions of thermal treatment,
there are a possibility of producing cross-linking sulfur and
Li,S and apossibility of producing a metastable phase, so that
thermal treatment temperature and thermal treatment time are
preferably adjusted so as not to produce these in the present
invention.
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4. Others

A sulfide solid electrolyte material obtained by the present
invention is the same as the contents described in the above-
mentioned “A. Sulfide solid electrolyte material”; therefore,
the description will not be repeated here. The present inven-
tion may provide a sulfide solid electrolyte material compris-
ing the above-mentioned preparation step and amorphizing
step. Similarly, the present invention may provide a sulfide
solid electrolyte material comprising the above-mentioned
preparation step, amorphizing step and heat-treating step.

The present invention is not limited to the above-men-
tioned embodiments. The above-mentioned embodiments are
exemplification, and any is included in the technical scope of
the present invention if it has substantially the same consti-
tution as the technical idea described in the claim of the
present invention and offers similar operation and effect
thereto.

EXAMPLES

The present invention is described more specifically while
showing examples hereinafter.

Examples 1-1 to 1-3

Lithium sulfide (Li,S) and phosphorus pentasulfide (P,S5)
were used as a starting material. These powders were weighed
in a glove box under an argon atmosphere so as to become a
molar ratio of x=70 in a composition of xLi,S.(100-x)P,S,,
and mixed by an agate mortar to obtain a raw material com-
position. Next, 1 g of the obtained raw material composition
was projected into a 45-ml zirconia pot, and zirconia ball
(¢=10 mm, 10 pieces) was further projected thereinto to her-
metically seal the pot completely. This pot was mounted on a
planetary ball milling machine to perform mechanical milling
for 40 hours at the number of revolutions of 370 rpm and then
obtain a sulfide solid electrolyte material (Example 1-1). A
sulfide solid electrolyte material was obtained in the same
manner as Example 1-1 except for modifying the value of x
into x=75, 80 respectively in a composition of x[.i,S.(100-
x)P,S5 (Examples 1-2, 1-3).

Comparative Examples 1-1 to 1-4

A sulfide solid electrolyte material was obtained in the
same manner as Example 1-1 except for modifying the value
of'x into x=0, 50, 66.7 and 100 respectively in a composition
of'xL1,S.(100-x)P,S..

Comparative Example 1-5

A sulfide solid electrolyte material composed of crystal-
lized sulfide glass was obtained by further heat-treating the
sulfide solid electrolyte material (x=70) obtained in Example
1-1 on the conditions of an argon atmosphere, a temperature
0f290° C. and 2 hours.

[Evaluation 1]
(Raman Spectroscopy Measurement)

Raman spectroscopy measurement was performed by
using the sulfide solid electrolyte materials obtained in
Examples 1-1to 1-3 and Comparative Examples 1-2, 1-3. The
results are shown in FIG. 3. As shown in FIG. 3, in Compara-
tive Example 1-2 (x=50) and Comparative Example 1-3
(x=66.7), a peak of P,S, (S;P—S—PS;) containing cross-
linking sulfur was confirmed in the vicinity of 417 cm™. On
the other hand, in Example 1-1 (x=70), Example 1-2 (x=75)
and Example 1-3 (x=80), the intensity 1,,,/the intensity L, ,,
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became 65%, 30% and 14%, respectively. Thus, it was con-
firmed that the sulfide solid electrolyte materials obtained in
Examples 1-1 to 1-3 had substantially no cross-linking sulfur.
(X-Ray Diffraction Measurement)

X-ray diffraction measurement was performed by using
the sulfide solid electrolyte materials obtained in Examples
1-1, 1-2 and Comparative Examples 1-2, 1-4. The results are
shown in FIG. 4. As shown in FIG. 4, a peak of Li,S was
confirmed in Comparative Example 1-4 (x=100); however, a
peak of Li,S was not confirmed in Examples 1-1, 1-2 and
Comparative Examples 1-2. Thus, it was confirmed that the
sulfide solid electrolyte materials obtained in Examples 1-1,
1-2 and Comparative Examples 1-2 had substantially no Li,S.
(Measurement of Sulfide Generation Amount as Pellet)

The sulfide solid electrolyte materials obtained in
Examples 1-1 to 1-3 and Comparative Examples 1-1 to 1-4
were each weighed by 100 mg, and these samples were
pressed at a pressure of 5.1 ton/cm® by using a pelleting
machine having a molding portion with an area of 1 cm? to
obtain pellets. Thereafter, the obtained pellets were disposed
inside a hermetically sealed desiccator (1755 cc, air atmo-
sphere, a temperature of 25° C., and a humidity of 40%) to
measure hydrogen sulfide generation amount generated for
300 seconds from the start by using a hydrogen sulfide sensor.
These results are shown in FIG. 5.

As shown in FIG. 5, it was confirmed that hydrogen sulfide
generation amounts were low in Examples 1-1 to 1-3 as
compared with Comparative Examples 1-1 to 1-4. In particu-
lar, in the value (x=75) for obtaining an ortho-composition,
hydrogen sulfide generation amount offered the minimum
value (0.2 cc/g).

(Measurement of Sulfide Generation Amount as Battery)

An all solid lithium battery was each produced by using the
sulfide solid electrolyte materials obtained in Example 1-2
and Comparative Example 1-5. The battery was all produced
in an argon atmosphere. The sulfide solid electrolyte material
(51 mg) was first pressed at a pressure of 1 ton/cm? by using
a pelleting machine to form a solid electrolyte layer. Next, a
cathode mix composed of LiCoO, (8.9 mg) and the above-
mentioned sulfide solid electrolyte material (3.8 mg) was
added on the surface of the solid electrolyte layer and pressed
atapressure of 1 ton/cm? by using a pelleting machine to form
a cathode active material layer. Next, an anode mix composed
of graphite (4.71 rag) and the above-mentioned sulfide solid
electrolyte material (4.71 mg) was added on the surface of the
solid electrolyte layer, on which the cathode active material
layer was not formed, and pressed at a pressure of 4.3 ton/cm>
by using a pelleting machine to form an anode active material
layer. Thus, a power generating element was obtained. The
power generating element was held by SUS, which is a cur-
rent collector, to produce an all solid lithium battery.

Each of the obtained all solid lithium battery was disposed
inside a hermetically sealed desiccator (1755 cc, air atmo-
sphere, a temperature of 25° C., a humidity of 40%) to mea-
sure a change in hydrogen sulfide generation amount with
respect to atmospheric exposure time by using a hydrogen
sulfide sensor. These results are shown in FIG. 6. As shown in
FIG. 6, in Comparative Example 1-5, hydrogen sulfide gen-
eration amount increased with time and hydrogen sulfide
generation amount after 150 seconds was 0.056 cc. On the
contrary, in Example 1-2, the chronological increase of
hydrogen sulfide generation amount was not observed and
hydrogen sulfide generation amount after 150 seconds was
0.001 cc or less.

Examples 2-1, 2-2

Lithium sulfide (Li,S) and silicon sulfide (SiS,) were used
as a starting material. These powders were weighed in a glove
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box under an argon atmosphere so as to become a molar ratio
ofx=50ina composition of xLi,S.(100-x)SiS ,, and mixed by
an agate mortar to obtain a raw material composition. A
sulfide solid electrolyte material was obtained in the same
manner as Example 1-1 except for using this raw material
composition (Example 2-1). A sulfide solid electrolyte mate-
rial was obtained in the same manner as Example 2-1 except
for modifying the value of x into x=66.7 in a composition of
xL1,S.(100-x)S1S, (Example 2-2).

Comparative Examples 2-1, 2-2

A sulfide solid electrolyte material was obtained in the
same manner as Example 2-1 except for modifying the value
of x into x=0, 100 respectively in a composition of xLi,S.
(100-x)SiS,.

Examples 3-1 to 3-3

Lithium sulfide (1,S) and germanium sulfide (GeS,) were
used as a starting material. These powders were weighed in a
glove box under an argon atmosphere so as to become a molar
ratio of x=50 in a composition of xLi,S.(100-x)GeS,, and
mixed by an agate mortar to obtain a raw material composi-
tion. A sulfide solid electrolyte material was obtained in the
same manner as Example 1-1 except for using this raw mate-
rial composition (Example 3-1). A sulfide solid electrolyte
material was obtained in the same manner as Example 3-1
except for modifying the value of x into x=66.7, 75 respec-
tively in a composition of xLi,S.(100-x)GeS, (Examples
3-2,3-3).

Comparative Examples 3-1, 3-2

A sulfide solid electrolyte material was obtained in the
same manner as Example 3-1 except for modifying the value
of x into x=0, 100 respectively in a composition of xLi,S.
(100-x)GeS,.

Comparative Examples 4-1 to 4-4

Lithium sulfide (Li,S) and aluminum sulfide (Al,S,) were
used as a starting material. These powders were weighed in a
glove box under an argon atmosphere so as to become a molar
ratio of x=0, 50, 75 and 100 in a composition of X[i,S.(100x)
AlLS;, and mixed by an agate mortar to obtain a raw material
composition. A sulfide solid electrolyte material was
obtained in the same manner as Example 1-1 except for using
these raw material compositions.

[Evaluation 2]
(Measurement of Sulfide Generation Amount as Pellet)

The measurement of sulfide generation amount as pellet
was performed by using the sulfide solid electrolyte material
obtained in Examples 2-1, 2-2, Comparative Examples 2-1,
2-2, Examples 3-1 to 3-3, Comparative Examples 3-1, 3-2,
and Comparative Examples 4-1 to 4-4. The producing method
for pellet and the measuring method for hydrogen sulfide
generation amount are the same as the above. The results are
shown in FIGS. 7 to 9. As shown in FIG. 7, it was confirmed
that hydrogen sulfide generation amounts were low in
Examples 2-1, 2-2 as compared with Comparative Examples
2-1, 2-2. In particular, in the value (x=66.7) for obtaining an
ortho-composition, hydrogen sulfide generation amount
offered the minimum value. Similarly, as shown in FIG. 8, it
was confirmed that hydrogen sulfide generation amount was
low in Examples 3-1 to 3-3 as compared with Comparative
Example 3-2. Inparticular, in the value (x=66.7) for obtaining
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an ortho-composition, hydrogen sulfide generation amount
offered the minimum value. Comparative Example 3-1 exhib-
ited no Li ion conductivity by reason of containing no Li. On
the other hand, as shown in FIG. 9, hydrogen sulfide genera-
tion amount was high in any of Comparative Examples 4-1 to
4-4. Thus, in the case of the sulfide solid electrolyte material
using Al as an element of the group 13, it was confirmed that
the minimum value such as the sulfide solid electrolyte mate-
rial using Si and Ge as an element of the group 14 and P as an
element of the group 15 was not offered in an ortho-compo-
sition. As a result of measuring sulfide generation amount as
a battery by using the sulfide solid electrolyte materials
obtained in Examples 2-1, 2-2, and Examples 3-1 to 3-3,
hydrogen sulfide generation amount might be lowered in any
of them.

REFERENCE SIGNS LIST

1. .. cathode active material layer
2 ... anode active material layer
3 ... electrolyte layer
10 . .. power generating element
The invention claimed is:
1. A sulfide solid electrolyte material comprising Li;PS,,,
wherein no Li,S peak is observed by X-ray diffraction, an
intensity I, at 402 cm™ is 35% or less with respect to
an intensity I,,, at 417 cm™ by Raman spectroscopy,
and
in the case that 100 mg of the sulfide solid electrolyte
material is pressed at a pressure of 5.1 ton/cm?® by using
a pelleting machine having a molding portion with an
area of 1 cm? to form a pellet, and the pellet is disposed
inside a hermetically sealed desiccator at 1755 cc, air
atmosphere, a temperature of 25° C., and a humidity of
40%, to measure a hydrogen sulfide generation amount
generated for 300 seconds from the start by using a
hydrogen sulfide sensor, the hydrogen sulfide generation
amount is 1 cc/g or less.
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2. The sulfide solid electrolyte material according to claim
1, wherein the sulfide solid electrolyte material is obtained by
a raw material composition containing [.i,S and P,S..

3. The sulfide solid electrolyte material according to claim
1, wherein the sulfide solid electrolyte material is a sulfide
glass.

4. A lithium battery comprising a cathode active material
layer containing a cathode active material, an anode active
material layer containing an anode active material, and an
electrolyte layer formed between the cathode active material
layer and the anode active material layer,

wherein at least one of the cathode active material layer, the

anode active material layer and the electrolyte layer
contains the sulfide solid electrolyte material according
to claim 1.

5. A lithium battery comprising a cathode active material
layer containing a cathode active material, an anode active
material layer containing an anode active material, and an
electrolyte layer formed between the cathode active material
layer and the anode active material layer,

wherein at least one of the cathode active material layer, the

anode active material layer and the electrolyte layer
contains the sulfide solid electrolyte material according
to claim 2.

6. A lithium battery comprising a cathode active material
layer containing a cathode active material, an anode active
material layer containing an anode active material, and an
electrolyte layer formed between the cathode active material
layer and the anode active material layer,

wherein at least one of the cathode active material layer, the

anode active material layer and the electrolyte layer
contains the sulfide solid electrolyte material according
to claim 3.

7. The sulfide solid electrolyte material according to claim
1, wherein the hydrogen sulfide generation amount is 0.2 cc/g
or less.



